We related the arrival timing of adult sockeye salmon (Oncorhynchus nerka) at a series of dams on the Columbia River (Bonneville, McNary, and Rock Island) and Snake River (Ice Harbor) to the changing flow and temperature regimes over the last several decades. The temperatures experienced by sockeye salmon have increased in the lower but not upper reaches of the system, and the flows experienced by the fish have decreased. The Bonneville-McNary travel rate increased from about 22 to 49 km/day, and sockeye salmon now pass McNary Dam about 11 days earlier than in 1954. Both travel rate and arrival date were correlated with temperature increases and flow decreases at McNary during that period. Sockeye salmon arrival at Rock Island Dam (14 days earlier from 1933 to 1994) was also correlated with temperature and flow there. However, the travel rate between McNary and Rock Island dams did not change from 1955 to 1994, despite a decrease in estimated water velocity from 85 to 23 km/day. Sockeye salmon arrival at Ice Harbor Dam has sometimes been bimodal; the first mode's date has not changed, but annual mean dates have been positively correlated with flow and negatively with temperature.
Introduction
The migratory timing of adult salmon is hypothesized to be an adaptation to the long-term average regimes of temperature, flow, and other physical factors experienced by adults returning from the ocean that might affect prespawning mortality (Gilhousen 1990) , the distance that the fish must migrate to their spawning grounds, and the optimal spawning date. Migratory timing is under partial genetic control (e.g., Atlantic salmon (Salmo salar), Hansen and Jonsson 1991 ; pink salmon (Oncorhynchus gorbuscha), Gharrett and Smoker 1993) . The date of sexual maturation or spawning is also under genetic control (e.g., rainbow trout (Oncorhynchus mykiss), Siitonen and Gall 1989) . The spawning date is affected by the need to maximize survival of embryos (affected by such factors as temperature and flow regimes) and the survival and growth opportunities for newly emerged fry (Brannon 1987; Brännäs 1995) .
Although there is considerable genetic control over the timing of upstream migration and spawning, environmental factors also play an important role; ocean temperature has been correlated with the arrival of sockeye salmon (Oncorhynchus nerka) in coastal waters (Burgner 1980; Blackbourn 1987; Quinn 1990) . In addition to possible oceanic influences on arrival in coastal waters, river temperature and flow can affect upstream migratory behavior and timing (reviewed by Banks 1969; Jonsson 1991; Trépanier et al. 1996) . In some streams, water levels may be insufficient for entry (e.g., coho salmon (Oncorhynchus kisutch), Shapovalov and Taft 1954) and increasing flows may stimulate upstream migration when water levels are low (Atlantic salmon, Smith et al. 1994) , but the relationships of flow and temperature to migration are not consistent (Trépanier et al. 1996) . Large rivers have sufficient water for entry at all times of the year, but discharge and temperature may nevertheless affect upstream migration. The Columbia River's flow and temperature have been correlated with the arrival of American shad (Alosa sapidissima) (Leggett and Whitney 1972) and sockeye salmon (Quinn and Adams 1996) at Bonneville Dam. The influence of these environmental factors is particularly interesting because management of the river for hydroelectric power production has led to decreasing discharges and warming of the lower river in late spring and early summer over the last five decades (Quinn and Adams 1996) . The river's warming (e.g., first date of 15.5°C water) occurs about 30 days earlier now than in the past (i.e., 1938-1993) , the annual maximum temperatures have increased by about 1.8°C from 1949 to 1993, and fall cooling of the river has been occurring later in the season (Quinn and Adams 1996) . The increasing temperatures and decreasing flows were both correlated with progressively earlier arrivals of sockeye salmon at Bonneville Dam (about 6 days from 1949 to 1993).
Maturing sockeye salmon arrive at Bonneville Dam (river km (rkm) 234, Fig. 1 ) in early summer (primarily June and July) and the trends in temperature, flow, and earlier arrival of salmon there pose questions regarding trends in environmental conditions and salmon travel rates farther upriver. Many sockeye salmon populations in the Columbia River system were eliminated prior to the construction of Bonneville Dam (Mullan 1986; Fryer 1995) , and currently the great majority spawn in tributaries of lakes Wenatchee and Osoyoos in September and October (Mullan 1986 ). These sites are 842 and 986 km from the mouth of the Columbia River, respectively (Poe and Mathisen 1981) . Populations with even more arduous migrations to the lakes in the Sawtooth Mountains of Idaho (Bjornn et al. 1968 )(approximately 1600 km) have been increasingly scarce during the past decades (Chapman et al. 1990; Fryer 1995) . Long or difficult migrations may select for efficient energy use per unit distance traveled (Bernatchez and Dodson 1987) , as migrations can deplete the energy resources of salmon (Gilhousen 1980) . Populations with arduous migrations show lower levels of reproductive output (ovary weight) than populations with shorter migrations (Linley 1993) . Prespawning mortalities of Fraser River sockeye salmon were highest for upriver populations migrating in the summer and were positively correlated with river temperatures for most populations (Gilhousen 1990) . To the extent that the energetically demanding migrations of Columbia River sockeye salmon have become more stressful, because of warmer temperatures, or less challenging, because of reduced flows, the survival and fitness of salmon may be affected.
The aim of this study was to quantify the changes in flow and temperature that have occurred in the Columbia River during the period of extensive development for hydroelectric production and understand how these factors have affected the migratory patterns of adult sockeye salmon. We selected sockeye because, unlike other salmonids (e.g., coho salmon, chinook salmon (Oncorhynchus tshawytscha) and steelhead (O. mykiss)), they are essentially all wild, native, and are produced in a few systems with relatively similar timing (see Mullan 1986 and Fryer 1995 for details of their history and status). Thus the variation in relative abundance of populations with different timing or effects of hatchery propagation that would confound studies on the other species are much less significant problems for the analysis of sockeye salmon migration. We compared trends in temperature and flow at Bonneville Dam (the lowermost dam on the Columbia River) with data from McNary Dam (rkm 470), representing the river below its confluence with the Snake River, Priest Rapids (rkm 639) and Ice Harbor (rkm 537) dams, representing the lowermost dams on the Columbia and Snake rivers above their confluence, respectively, and Rock Island Dam (rkm 725), representing the uppermost dam passed by both the Lake Wenatchee and Lake Osoyoos sockeye salmon runs. We determined the salmon arrival patterns (median date and temporal distribution) at these dams over the periods of record and tested the null hypothesis that travel rate (relative to land) has remained constant over time. If so, the changing passage dates at Bonneville Dam (Quinn and Adams 1996) would be reflected at dams farther upstream. This was contrasted with the alternative hypotheses that travel rate has decreased or increased over time.
Methods

Sources of data
The U.S. Army Corps of Engineers annual fish passage reports were the source of data on temperature, flow, and abundance and timing of sockeye salmon passing Bonneville, McNary, and Ice Harbor dams. Unpublished data for Priest Rapids Dam were acquired from the Center for Quantitative Science, University of Washington, and did not include sockeye salmon counts. At Bonneville Dam, sockeye salmon were counted by direct observation from windows at the Bradford Island and Washington shore fish ladders. The fish ladders serve as the primary routes of passage for migrating fish, although some fish use the dam's navigation lock while vessels are transiting. From April 1 to October 31 (encompassing the sockeye salmon spawning migrations), fish were counted from 04:00 to 20:00 PST. During counting hours, personnel observed for 50 min of each hour. Simple expansion provided an estimate of the number of fish passing each hour. Nighttime video monitoring in 1992 and 1993 showed that fewer than 10% of the sockeye salmon passed through the ladder during the 8 h normally omitted from the counts. For consistency, we did not add night counts from 1992 and 1993 to daytime counts.
McNary Dam sockeye salmon counts were performed in the Washington and Oregon fish ladders between April 1 and October 31, usually from 04:00 to 20:00 PST. There was some slight variation in the counting hours from year to year. In most years, fish were counted by direct observation, but in some years (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) , this was combined with closed-circuit color television. Some years (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) included periods of "sample counting" in which counts were performed for 4-h periods, alternating between the two ladders, for 16 h daily. The data set accounted for these different counting hours, and for breaks taken by personnel during regular counting hours, by simple expansion. Any sockeye counted before April 1 or after October 31 were omitted for consistency among years, but data from years with counts in March, November, and part of December showed that fewer than 0.005% of the total annual run passed during these months.
The data from McNary Dam in 1972 and 1974 combined night counts (from 20:00 to 04:00 PST) with counts during the normal daytime hours for approximately half the dates. Studies at other dams indicated that far fewer sockeye salmon ascended at night than during the day. Night to day ratios were 0.05 at Bonneville Dam, 0.07 and 0.14 at the south and north counting stations at The Dalles Dam, and 0.09 at John Day Dam (Calvin 1975) . No such studies were done for sockeye salmon at McNary Dam, but we estimated the daily counts for dates that included nighttime counts by dividing the total daily count by 1 + 0.08 (average correction factor from the other dams).
We wished to analyze salmon passage with respect to average daily temperature at each of the dams. However, daily water temperatures at McNary Dam were reported as maxima and minima for 1954-1959, as maxima from 1960 to 1961, and as average from 1962 to the present. We estimated the daily average temperature as the mean of the maximum and minimum daily values for 1954 -1959 . For 1960 -1961 , when only maxima were available, we used the average difference of 0.20°C between maximum and average daily value (1954-1959 data) The temperature data for Priest Rapids Dam contained some obvious outliers that were assumed to be errors in recording or transcription. Temperatures for these days were interpolated from the surrounding dates. At Ice Harbor Dam, sockeye salmon were counted by direct observation and closed-circuit television (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) in the north and south fish ladders. All years had counts from April 1 to October 31, from 04:00 to 20:00 PST. There was counting before April in some years, but no sockeye were recorded. In nine years that included counts after October 31, only one year had any sockeye recorded in November or December, and they amounted to only 1% of the annual total run. Some days in 1972 and 1974 included night counts, and they were adjusted in the same way as the McNary Dam counts.
Sockeye abundance and timing data, as well as temperature and flow data, for Rock Island Dam from 1933 to 1994 were provided by Chelan County Public Utility District. Some years had no sockeye data (1939, 1953, 1954, 1963, (1968) (1969) (1970) (1971) (1972) or no flow data (1940, 1953, 1973, 1986) . The counting dates varied substantially among years but included at least from early May to late September for all years except 1933 and 1934. Most years had daily counts, but several years (1934, (1940) (1941) (1942) (1943) had only weekly counts that we assigned to the middle day of the week.
Data analysis
To evaluate temperature and flow trends, we selected the following variables for each year at McNary (1954 ), Ice Harbor (1962 ), Priest Rapids (1975 ), and Rock Island (1933 dams: mean flow and temperature for June 1 -July 31, annual maximum temperature, the date of maximum temperature, and the first and last days of the year with a temperature ≥15.5°C. The 15.5°C (60°F) temperature was an arbitrary measure used to study variation in the dates of spring warming and fall cooling, chosen for consistency with previous studies (Leggett and Whitney 1972; Quinn and Adams 1996) . Temperatures were recorded in Fahrenheit and converted to Celsius. Flow data were recorded in cubic feet per second and were converted to cubic metres per second. We analyzed temperature and flow over the June-July period because these months encompassed 96, 87, and 84% of the annual total runs at McNary, Ice Harbor, and Rock Island dams, respectively. Unless otherwise stated, "flow" and "temperature" refer to June-July means. If the maximum temperature occurred on several days rather than just one, the middle date was used. Simple linear regressions were performed with each of the above variables to test for changes in these environmental conditions over time at each of the dams. We performed simple linear regressions between water temperature and flow means at the dams to better understand the relationship between these two variables. For each of McNary, Ice Harbor, Priest Rapids, and Rock Island dams, the June-July temperature was regressed against June-July flow. However, temperature and flow could show concurrent trends over time (i.e., be statistically correlated) yet be unconnected. Residual analyses were used to test for underlying relationships between temperature and flow at each of the dams. For each year, the residual (difference between the observed value and that predicted by the overall trend) was calculated for mean temperature and flow. The temperature residuals were then regressed against the flow residuals. To better understand long-term changes in temperature and flow in the lower Columbia, we estimated the relative proportions of Columbia and Snake River water combining at their confluence from the ratio of flows (June 1 -July 31) at Priest Rapids and Ice Harbor dams.
Peak sockeye salmon run dates were approximated by the day on which 50% of the annual run had passed the dam because the yearly frequency distributions of sockeye passage were approximately normal, with little kurtosis or bimodality except at Ice Harbor Dam (see below). Simple linear regressions of peak run date versus year were performed to test for changes in run timing at McNary and Rock Island dams. The dates of 5 and 95% sockeye passage were also calculated for each dam, as a measure of overall timing of the run. Counts at Ice Harbor Dam have been low in recent years (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) mean annual total = 16) and visual inspection revealed bimodal or highly skewed distributions in many years. There was virtually always a mode in July and in some years a second, smaller mode in September, separated by periods of 3-6 weeks with few or no salmon counted. August 19 was the date that best characterized the end of the "early" mode of migration. To calculate migratory timing for comparison with the other dams, we calculated the 50% date for the early mode. We only used the 1962-1984 data because counts since 1985 have been too low for meaningful analyses. We regressed peak run dates for McNary, Ice Harbor (early mode), and Rock Island dams against temperatures and flows and then regressed the residuals of the peak run dates against the temperature and flow residuals.
To estimate the temperatures experienced by migrating sockeye, we calculated the weighted-mean migration temperature, T W (Quinn and Adams 1996) :
where n is the daily number of fish counted, N is the annual total number of fish, and t is the daily temperature.
The T W thus weights observed temperatures by the number of fish migrating on days when that temperature was recorded. We used simple linear regressions to test for changes in T W of sockeye at McNary, Ice Harbor (1962 -1984 , and Rock Island dams. To provide further insight into the more complex patterns observed at Ice Harbor Dam, we constructed a histogram of daily average temperatures, based on their frequency of occurrence from June 14 and October 26 (the first and last dates, respectively, when sockeye salmon were observed at the dam). We contrasted this envelope of available temperatures with the subset used by the salmon, calculated by weighting each temperature by the number of salmon passing the dam on days when the temperature was recorded.
We used the number of days between the 50% passage dates at Bonneville and McNary dams to estimate travel time between the dams and then converted it to travel rate (kilometres per day). Linear regression was performed to test for a change in the travel rates over the years and to analyze travel rates with respect to temperature and flow at McNary Dam. This was followed by regression of travel rate residuals against temperature and flow residuals to test for underlying relationships.
In studying sockeye timing between Bonneville and McNary dams, we were concerned that changes in sockeye disorientation, caused by dams constructed during the period of study, might have affected trends in travel rate. The two dams between Bonneville and McNary dams, The Dalles Dam (rkm 306) and John Day Dam (rkm 347), were both operating by 1968, so the 1968-1994 time period provided an opportunity to examine the possible influences of flow and temperature changes on sockeye salmon migration without the confounding influence of new dams. Regression analysis on travel times and residual analyses of travel rate versus McNary mean flow and temperature over this period were performed.
We estimated the sockeye travel rates between McNary and Rock Island dams and regressed these travel rates against the mean temperature and flow at Rock Island Dam and corresponding residuals. Travel times between McNary and Ice Harbor dams (using the early mode) were also analyzed, but the difference between 50% passage dates proved unreliable. Travel time estimates were negative in 8 of the 23 years from 1962 to 1984 and 7 of 23 were still negative if the whole Ice Harbor run was used instead of just the early mode. Snake River sockeye, which make up a relatively small portion of those passing McNary Dam, apparently migrate earlier than the other sockeye populations.
Finally, to better understand the changes in the river experienced by the salmon, we converted the flow data to water velocities, using equations from the Columbia River Salmon Project model (CRiSP 1) developed at the Center for Quantitative Science at the University of Washington. For each river segment for which we had fish travel rate data, we used the flows at each dam within the segment and weighted the velocities by the length of the reach between each dam to obtain an average water velocity for the whole segment.
Results
Water temperature and flow patterns
The river has been warming to 15.5°C significantly earlier at McNary Dam than in past years (15-day difference between 1954 and 1994, Table 1 ). The date of the annual maximum temperature has not changed but the mean June-July temperature (Fig. 2) and maximum temperature increased by 1.5 and 1.2°C, respectively, since 1954, and fall cooling of the river below 15.5°C at McNary Dam has been occurring 12 days later. The mean flow decreased by more than 50% from 1954 to 1994 (Fig. 3 ) and the estimated water velocity for the Bonneville Dam -McNary Dam segment decreased from 69 to 25 km/ day. The strong correlations between June-July temperature and flow, and their residuals, indicated a link between declining flow and water temperature increases (Table 1) .
At Priest Rapids Dam on the Columbia River above the confluence with the Snake River, the mean temperature and dates of maximum temperature, first 15.5°C, and last 15.5°C have not changed significantly since 1975 (Table 1) (Table 1) .
Regressions showed no significant changes in either the first 15.5°C date or the date of maximum temperature at Rock Island Dam (Table 1 ). The fall cooling of the river below 15.5°C became significantly later between 1933 and 1994, amounting to a difference of 17 days. Trends in the annual maximum temperature and the mean summer temperature at the dam were similar to each other, decreasing until the late 1960s and increasing thereafter (Fig. 2) . The average flow at Rock Island Dam before 1974 was approximately halved after 1974 (Fig. 3) . The mean water velocity for the McNary DamRock Island Dam segment decreased from 85 to 23 km/day over the 1955-1994 period.
The dates of first 15.5°C and maximum temperature of the Snake River at Ice Harbor Dam have not changed significantly, but fall cooling became 11 days later from 1962 to 1994 (Table 1) . Over the same period the mean temperature did not change (Fig. 2) Quinn et al.
( Fig. 3) . June-July temperature and flow, and their residuals, were highly correlated (Table 1) . (Fig. 4) , but in some years, only the early mode was observed. The 50% date of the first mode of sockeye salmon at Ice Harbor Dam did not change from 1962 to 1984, but migratory timing was positively correlated with flow and negatively correlated with temperature (Table 2 ). There was a significant decrease in T W from 1962 to 1984. That is, on average, sockeye salmon experienced cooler temperatures in that section of the system in the 1980s than they did previously. Between 1985 and 1993 the T W had been higher, but the salmon had been so scarce (mean annual total = 16) that these T W values are unreliable and not comparable with those of the previous years. Histograms (Fig. 5 ) of temperatures at which sockeye passed the dam and temperatures available during the passage period showed that few sockeye passed at the lower temperatures that occurred at the beginning and end of the passage period. Most sockeye passed at temperatures around 20.0°C, and few sockeye passed at temperatures above 22.2°C, although these temperatures often occurred.
Sockeye salmon migratory timing
Travel rates between dams
The Bonneville-McNary travel rate between 1954 and 1994 increased from 21.6 to 48.6 km/day (Fig. 6 ), equivalent to a travel time change from 10 to 5 days (Table 3 ). There was a negative correlation between travel rate and mean flow at McNary Dam; as flow decreased, travel rate increased. Residuals of travel rate and flow were normally distributed and correlated with travel rate, indicating that years with especially low flow compared with that expected from the overall trend also had faster travel rates than expected. Warmer water at McNary Dam was also associated with faster travel rates and the residuals of travel rate were positively correlated with the temperature residuals.
Fig. 2. Trends in June-July mean temperatures of the Columbia
River at McNary (1954 ) and Rock Island (1933 dams and the Snake River at Ice Harbor Dam (1962 Dam ( -1994 .
Fig. 3. Trends in mean June-July flows of the Columbia River at
McNary (solid squares, 1954 ) and Rock Island (open squares, 1933 dams and the Snake River at Ice Harbor Dam (solid circles, 1962-1994) .
From 1968 to 1994, when no new dams were constructed between Bonneville and McNary, the travel rate increased from 27.2 to 60.0 km/day (equivalent to a decrease in travel time of about 3.7 days) and was correlated negatively with flow and positively with temperature at McNary ( This decrease resulted from flow manipulation made possible by the great increase in storage capacity (e.g., the completion of Duncan (1967), Keenleyside (1968) , and Mica (1973) dams in Canada and Libby Dam (1975) in the United States). Temperature trends similar to those described for Bonneville Dam (Quinn and Adams 1996) were evident at McNary Dam; spring warming has become earlier, June and July temperatures have become higher, and fall cooling has become later. The correlation between temperature trends at these two dams results from the relatively rapid travel times of water (approximately 5 days) through this reach of the Columbia River and the absence of major tributaries between dams. Some warming has occurred at Priest Rapids Dam on the mid-Columbia River, but peak temperatures have decreased at Ice Harbor Dam on the Snake River. Rock Island Dam records, earlier than those of the other dams, indicated decreasing temperatures until the 1960s. This is consistent with the general view that storage decreased peak temperatures (Jaske and Goebel 1967; Ebel et al. 1989 ), but temperatures have been increasing since then. It is unclear whether the recent warming trend is solely a consequence of flow management in the system or if climate change (Lettenmaier et al. 1994 ) plays a role. The trends in sockeye passage between Bonneville and McNary dams supported our second hypothesis; travel rate relative to land increased from about 22 to 49 km/day from 1954 to 1994. Temperature, flow, and their residuals were correlated with travel rate, but the strong correlation between diminished flow and increased river temperatures made it impossible to separate their effects on sockeye salmon arrival dates and travel rates. The observed travel rates are within the range reported in other studies of salmon (Brett 1995) but much faster than those of sockeye salmon in areas of difficult passage in the canyon of the Fraser River (Hinch et al. 1996) .
In contrast with the pattern observed for sockeye timing between Bonneville and McNary dams, the pattern observed over the same time period between McNary and Rock Island dams supported the null hypothesis. Sockeye salmon passage dates at both dams became earlier but the travel rate between the dams (29 km/day) did not change. The difference in migratory pattern between the two river segments was surprising because similar decreases in flow and increases in temperature occurred at Bonneville, McNary, and Rock Island dams from 1954 to 1994. The faster travel rate in the lower than in the upper river (49 vs. 29 km/day) despite similar mean water velocities (25 vs. 23 km/day) may be related to fatigue or maturation by the fish, differential availability of low-velocity areas, configuration of the dams, or other factors.
There are several possible explanations for the changes in travel rate over the past decades. First, changes in fishing effort over the years could have caused apparent trends in sockeye passage dates at the dams. However, it seems unlikely that the increase in travel rate between Bonneville and McNary dams is an artifact of fishing because the correlations between travel rate and temperature and flow, and the correlations of the corresponding residuals, were so strong and consistent. The fishing pressure on sockeye salmon (Fryer 1995) has not been sufficiently great or steady to account for the progressive changes in timing. A change in the relative abundance of components of the sockeye salmon stock complex could also cause an apparent change in timing. However, the Wenatchee and Osoyoos populations have fluctuated without sufficient trend to account for the changes. Moreover, Snake River sockeye apparently pass McNary Dam earlier than the other populations, so their decline in recent years would likely make the 50% passage date at McNary Dam become slightly later, not earlier as was observed.
It is also possible that the salmon travel rate in the reservoirs has not changed but that changes in water management have affected the time needed to locate and ascend fish ladders at the dams. Use of Rock Island Dam fish ladders was influenced by patterns of spill and proximity to spillway gates (Leman and Paulik 1966) . Ascent of fish ladders may be relatively rapid (3.6 h for nine sockeye salmon at Bonneville Dam: Ross 1983), but radio tracking studies at various dams indicated delays of 5-7 days below dams (e.g., Johnson et al. 1982; Ross 1983; Turner et al. 1984 ) and a positive association between spill and delay ). This would be consistent with slower travel rates in the past. However, there was evidence that "zero" flow water storage conditions increased travel times between Lower Monumental and Little Goose dams, above Ice Harbor Dam on the Snake River (Liscom et al. 1985) . These data suggested that very low velocities might delay salmon, but more recent tracking data indicated that chinook salmon ascended ladders and migrated through reservoirs rapidly (Bjornn et al. 1995; Stuehrenberg et al. 1995) . The changing discharges and modifications in the dams themselves over the years make it difficult to determine the factors responsible for the increased travel rate in the lower river. However, changes associated with new dams constructed on the Bonneville Dam -McNary Dam river segment did not appear to have had a strong effect on the travel rate between these dams. The trend of increasing travel rate, although not as strongly correlated with flow and temperature conditions as it was for 1954-1994, was evident during the 1968-1994 period, when no new dams were constructed. Osborne (1961) reported a negative correlation between discharge and travel rate between Bonneville and Rock Island dams and pointed out that the weaker currents might allow the sockeye salmon to ascend the river faster. Likewise, Gilhousen (1990) reported significant negative correlations between discharge of the Fraser River at Hope and travel rate to the spawning grounds of the Chilko and early Stuart populations. To understand the changes in sockeye salmon migration, one would like to determine not only their travel rate but also their speed against the water. This cannot be done reliably without direct information on the conditions experienced by the fish (e.g., Hinch et al. 1996) . However, for comparative purposes, we estimated swimming speed by adding travel rate and water velocity estimates. The estimated sockeye swimming speed against the water between Bonneville and McNary dams decreased from 91 to 74 km/day from 1954 to 1994, and the estimated swimming speeds between McNary and Rock Island dams decreased from 115 to 52 km/day from 1955 to 1994. The decreased water velocity in the upper river may now allow the sockeye to swim slower than in the past but achieve similar travel rates relative to land. In contrast, the mean water velocity decreased by 44 km/day between Bonneville and McNary dams from 1954 to 1994, but the estimated sockeye swimming speed only decreased by 17 km/day. In this case, the sockeye may be swimming at similar speeds and traveling faster than in the past. It is unclear why the swimming speed would decrease less over the Bonneville Dam -McNary Dam segment than it did over the McNary Dam -Rock Island Dam segment.
The estimated swimming speeds were based on the assumption that the fish swam steadily against the mean velocity of the river. They probably swam in parts of the river with lower than average velocities, resulting in overestimates of swimming speed. Additionally, the changes in opposing water velocities may have been accompanied by changes in swimming behavior. Ellis (1962 Ellis ( , 1966 reported that at water velocities <0.52 m/s (45 km/day), Sproat River sockeye generally swam steadily. At faster velocities, steady swimming was replaced by darting, alternated with position holding. In spite of these weaknesses, the swimming speed estimates indicate the opportunity for energetic savings provided by the reduced river discharge.
The least-cost speed for a 61-cm sockeye was 1.8 km/h, or 0.82 body lengths/s (Brett 1983) . Using fork length-at-age and age composition data to determine average lengths for sockeye migrating to the Wenatchee and Okanogan rivers (Fryer 1995) , and the relationship between fork length and total length (Brett 1967) , this least-cost speed translates to an average of 40.9 km/day for the Lake Wenatchee population and 35.4 km/day for the Lake Osoyoos population. The average estimated swimming speeds over the two river segments for all years combined (82.5 km/day (3.4 km/h) for Bonneville to McNary and 81.6 km/day (3.4 km/h) for McNary to Rock Island) were roughly twice these least-cost speeds. The salmon would have to ascend the Columbia River continuously (24 h/day) in essentially slack water to accomplish the observed travel rates at their least-cost speed. In coastal waters, sockeye salmon swam 2.4 km/h, somewhat faster than their least-cost speed (Quinn 1988) . Few salmon ascended the dams at night, and if they also swam slower at night, as they did in coastal waters (Quinn 1988) , daytime speeds would have to increase to make good the same travel rate. Although our calculations may have overestimated the actual swimming speeds, Columbia River sockeye salmon are capable of impressive migratory performance. Collins et al. (1962) placed a 51-cm sockeye in an "endless fishway" with 1:8 slope and a lock to return the fish to the bottom. The fish swam for over 5 days, ascending the equivalent of 2025 m, without evidence of fatigue from blood lactate levels before it was removed from the apparatus.
The T W trends indicated that, over the period of record, the temperatures experienced by sockeye salmon increased at Bonneville Dam (Quinn and Adams 1996) , did not change significantly at McNary Dam, and decreased at Rock Island Dam. Temperature affects swimming performance (Brett 1967) but the data were inconsistent with the hypothesis that temperature changes directly affected swimming. Gilhousen (1990) Quinn et al.
in the season, when an increase in mean temperature along the migration route brought temperatures closer to the 15°C optimum for performance (Brett and Glass 1973; Brett 1995 Upriver of the dams we studied, early arrival dates have been noted as well. Chapman et al. (1995) reported that sockeye salmon arrived at Tumwater Dam on the Wenatchee River almost 30 days earlier in 1994 than in 1935. On the Okanogan River at Zosel Dam, limited data also suggested earlier sockeye run timing (Chapman et al. 1995) . While early arrival was observed at the various dams, the effect of this early arrival on the temperatures experienced by sockeye varied greatly among dams. At Bonneville Dam, the T W increased from 1949 to 1993 (Quinn and Adams 1996) . However, at McNary Dam the T W did not change and at Rock Island Dam it actually decreased because increased river temperatures (most pronounced in the lower river) were offset by increased travel rates and earlier arrival upriver.
Lethal temperatures (above 24°C, Servizi and Jensen 1977) were almost never recorded at the dams, but sublethal temperatures could be detrimental to salmon by increasing susceptibility to disease (Colgrove and Wood 1966) or elevating metabolic demand (Brett 1995) . Gilhousen (1990) found that Fraser River temperature during migration (and on the spawning ground) was positively correlated with prespawning mortality of female sockeye salmon. Indeed, this phenomenon was so well recognized that the fisheries were modified to take sockeye salmon whose survival was expected to be reduced by high temperatures and protect those later in the season that were expected to enjoy cooler water and higher survival rates (e.g., IPSFC 1962). Columbia River sockeye accomplish arduous migrations, presumably on limited energy reserves, as is the case for Fraser River sockeye (Gilhousen 1980 ). An increase in metabolic energy demand could divert energy away from other functions and affect survival or reproductive success. However, the reduction in mean temperature experienced by sockeye salmon in the upper river and the reduced river velocities may have resulted in energetic savings.
The effects of the shift toward an earlier arrival in the upper Columbia River on survival and reproduction are unknown. Sockeye salmon that reach Lake Wenatchee may find cool water below the thermocline, and limited evidence indicates that the dates of spawning have not changed markedly over the years (Chapman et al. 1995) . The timing of upstream migration and spawning appear to be under separate control, which seems necessary because migration timing should be affected by the conditions experienced by the adult on the river whereas spawning should be timed to optimize the conditions that will be experienced by the progeny. Consistent with this hypothesis, our analysis of Gilhousen's (1990) data on Fraser River sockeye salmon revealed that migratory timing (measured at Hell's Gate) was significantly more variable than timing of spawning for the two populations with the longest records (Chilko River, 29 years; Stellako River, 26 years). Of the four populations with the longest records (Chilko, Stellako, Raft, and early Stuart), only Chilko showed a significant correlation between dates of migration and spawning.
The bimodal frequency distributions of sockeye passing Ice Harbor Dam in some years indicated delay. Based on inspection of the yearly temperature curves and passage dates at Ice Harbor Dam, migration usually ceased at temperatures above 21°C. A similar temperature block was documented for sockeye entering the Okanogan River at its confluence with the Columbia River (Major and Mighell 1967) . In that case, increasing or stable Okanogan River temperatures above 21°C delayed migration whereas temperatures that were above 21°C but decreasing did not delay migration. If the salmon comprising the "late" mode at Ice Harbor Dam experience warmer temperatures than those migrating earlier, the energetic cost might reduce the probability of successful migration and reproduction. This possible problem may be mitigated somewhat by the observed reduction in maximum temperatures at Ice Harbor Dam, but so few sockeye salmon now ascend the Snake River that this may do little to help the population's recovery.
In summary, the Columbia River has been greatly changed by water management. Marked changes in fish behavior have accompanied the changes in flow and associated changes in temperature. These changes have led to faster upriver travel and earlier arrival dates for sockeye salmon, and varied effects on the temperatures experienced by the fish, depending on location in the river. We specifically studied sockeye salmon, whose migration has been advanced by the river's reduced flow and early spring warming. However, the later cooling of the river in fall might delay the migratory timing of other salmon species. It might also be important to determine the net effects of changes in migratory timing on the fitness of salmon, but these effects would be difficult to disentangle from other direct effects of hydroelectric development on the fish and indirect effects caused by the changes in the river's physical and biological attributes.
